Macrophages infiltrate cancers and promote progression to invasion and metastasis. To directly examine tumorassociated macrophages (TAMs) and tumor cells interacting and co-migrating in a three-dimensional (3D) environment, we have developed a co-culture model that uses a PyVmT mouse mammary tumor-derived cell line and mouse bone marrow-derived macrophages (BMM). The Py8119 cell line was cloned from a spontaneous mammary tumor in a Tg(MMTV:LTR-PyVmT) C57Bl/6 mouse and these cells form 3-dimensional (3D) spheroids under conditions of low adhesion. Co-cultured BMM infiltrate the Py8119 mammospheres and embedding of the infiltrated mammospheres in Matrigel leads to subsequent invasion of both cell types into the surrounding matrix. This physiologically relevant co-culture model enables examination of two critical steps in the promotion of invasion and metastasis by BMM: 1) macrophage infiltration into the mammosphere and, 2) subsequent invasion of macrophages and tumor cells into the matrix. Our methodology allows for quantification of BMM infiltration rates into Py8119 mammospheres and demonstrates that subsequent tumor cell invasion is dependent upon the presence of infiltrated macrophages. This method is also effective for screening macrophage motility inhibitors. Thus, we have developed a robust 3D in vitro co-culture assay that demonstrates a central role for macrophage motility in the promotion of tumor cell invasion.
BACKGROUND
While 2D cell culture monolayers facilitate examination of intracellular signaling cascades and cell behavior, this approach largely ignores the more complex structural organization present in the normal physiological setting. Cells behave differently in a 3D environment, in part because the extracellular matrix is a key regulator of normal homeostasis and tissue phenotype [1] . It has long been known that breast epithelial cell lines form highly organized, growth arrested acinar structures when grown in conditions of low adhesion such as within the basement membrane matrix, Matrigel. These mammary organoids are analogous to the ductal architecture of normal breast tissue [2] . Examination of cellular behavior and signaling using this 3D cell culture approach improves the relevance of cell-based assays [3, 4] . Non-cancerous human breast epithelial cell lines, such as MCF10A, can be induced to become invasive upon expression of oncogenes [5] . Similarly, co-culture of mammospheres with other cell types such as macrophages can also induce invasion [6] . As tumor associated macrophages (TAMs) are key players in the regulation of breast cancer metastasis [7, 8] , the generation of mammospheres derived from breast cancer cells and subsequent infiltration of the spheroids by macrophages is an attractive model to examine mechanisms by which TAMs assist in tumor progression to invasion and metastasis.
Macrophages are fully differentiated cells of the mononuclear phagocytic lineage and they have coordinated functions in development, tissue remodeling and homeostasis. Due to their integrated function with parenchymal cells in tissues, macrophages contribute to the pathogenesis of a number of chronic diseases [9] . In breast cancer, TAMs have been shown to promote tumor invasion and metastasis by establishing a paracrine chemotactic loop whereby breast carcinoma cells secrete colony stimulating factor-1 (CSF-1) and TAMs secrete epidermal growth factor (EGF) to induce co-migration of both cell types [10, 11] . CSF-1 receptor (CSF-1R) signaling is currently under investigation as a therapeutic target [12, 13] and we have identified CSF-1-stimulated macrophage motility, through PI3K p110δ and SFKs, as a promising specific target to prevent tumor invasion [14] [15] [16] .
Transwell or collagen overlay assays are standard methods used to measure macrophage and tumor cell co-migration [10, 15] . A major advantage of using mammary spheroid assays over the transwell or collagen overlay assays, is that the tumor cells are organized into a 3D structure, which mimics the pathophysiological development of tumors in vivo. In addition, co-culture of macrophages with the mammospheres allows dissection of tumor cell-macrophage interactions in the promotion of tumor invasion by macrophages [6] . Despite these advantages, this method has been underexploited. Furthermore, the few reported assays have either co-cultured human breast cancer cell lines with mouse macrophages [17] [18] [19] or used human monocyte-derived macrophages with a human breast cancer cell line [6] . Co-culture of mouse BMM with a mouse mammary tumor-derivettd cell line is both species-specific and more experimentally tractable. Thus, we have developed a mouse mammary tumor cell-mouse BMM co-culture model to examine the role of BMM motility in encouraging tumor cell invasion in a more physiologically relevant context. We have chosen the Py8119 mammary tumor cell line isolated from a spontaneous tumor in a Tg(MMTV:LTR-PyVmT) C57Bl/6 mouse [20] because it represents aggressive breast cancer cells that have undergone epithelial to mesenchymal transition. Quantitative PCR revealed high levels of CSF-1 message in these cells compared with more differentiated luminal breast cancer cells (Fig. 1A) . Furthermore, the CSF-1 message levels are consistent with the large numbers of macrophages recruited in vivo (Fig. 1B) . Our in vitro model allows dissection of two critical steps involved in the promotion of tumor cell invasion and metastasis by BMM; 1) macrophage infiltration into the Py8119 mammosphere, and 2) subsequent invasion of co-migrating BMM and tumor cells into the surrounding matrix.
The protocol described herein outlines the necessary steps 1) to routinely generate Py8119 mammospheres of reproducible size and shape, 2) to produce consistent levels of CellTracker Red-labeled BMM infiltration into the mammospheres, and 3) to reliably induce invasion of tumor cells with their accompanying macrophages into the surrounding matrix. Here we show that tumor cell invasion is dependent on the presence of infiltrated macrophages. We have recently applied this methodology to examine the role of macrophage motility in tumor invasion and have shown that the degree of macrophage infiltration into Py8119 mammospheres, and the degree of invasion by breast cancer cells and macrophages into the matrix is directly proportional to their speed of migration (manuscript in preparation).
While we have examined the role of macrophages in a breast cancer model, tumor-associated macrophages have been shown to promote tumor progression in a wide range of solid tumors [21] . Thus, this organoid/BMM co-culture system could be extended to other 3D tumor models such as pancreatic, prostate and stomach cancer cell line-derived organoids [22] [23] [24] [25] [26] . 
PROCEDURE

Growing Py8119 cells in 2D
1.1.
Grow Py8119 cells on 10 cm tissue culture plates in supplemented F-12K Medium (growth medium).
1.2.
Replace growth medium every 1-2 d depending on cell density. Subculture when cells reach 80-90% confluency.
Establishing Py8119 mammosphere cultures
2.1. Wash Py8119 cells with warm PBS and trypsinize with warm Trypsin/EDTA solution for 3 min at 37°C. Neutralize with 5 ml cold growth media and count. Pellet by centrifugation at 800 rpm for 5 min.
2.2.
Determine the volume required for 2.5 × 10 4 cells/ml and dilute in growth medium.
2.3.
Pipette the desired number of cells into each well of a 6-well ultra-low attachment plate containing 5 ml growth medium per well.
2.4.
Return the plate to the incubator to allow the cells to adhere/aggregate.
2.5.
Mammospheres take 25-30 d to grow to approximately 500 µm in diameter ( Fig. 2) 2.6. When mammospheres are ready to infiltrate with BMM, gently transfer them in a wide bore tip to a 24-well ultra-low attachment dish with one spheroid per well containing 1 ml growth medium to ensure each mammosphere is exposed to equal numbers of BMM.
TIPS: (i) Top up the growth medium every 3-4 d. (ii)
Manually swirl the plate gently, in a circular motion, 2-3 times per week to encourage formation of 1-2 mammospheres per well.
CAUTION:
Py8119 mammospheres are very fragile and can be disrupted by pipetting. Try to minimize handling and, when necessary, use a wide bore tip.
3.
Co-culture with BMM 3.1. Culture mature, adherent BMM (3 d post-extraction) in 10 cm Petri dishes in BMM medium as previously described for 7-10 d prior to infiltration [16] .
3.2.
Rinse BMM once with warm PBS then stain with 4 ml of 10 µM Cell Tracker Red in serum-free BMM medium for 30 min at 37ºC.
3.3.
Rinse again with warm PBS and allow to recover in complete BMM medium for at least 1 h prior to infiltration.
3.4.
Wash cells with warm PBS and incubate with 4 ml 2 mM EDTA for 20 min at 37ºC, then scrape gently to lift remaining cells from the dish.
3.5.
Count BMM number and dispense 10 5 cells onto each mammosphere in 100 µl BMM medium.
3.6.
Return dish to the incubator (37 ºC, 5% CO 2 ) to allow the macrophages to infiltrate for 3 d.
NOTES:
After infiltration, mammospheres can be examined by immuno-fluorescence (step 4) or embedded in Matrigel to observe 3D invasion of the ECM (step 5).
Immunofluorescent staining of BMM-infiltrated Py8119 mammospheres
4.1.
Gently wash BMM-infiltrated mammospheres with 500 µl warm PBS.
4.2.
Fix with 2% PFA for 20 min at room temperature.
4.3.
Permeabilize with 0.25% Triton X-100 for 10 min at 4°C.
4.4.
Wash 1-2 times with 0.1 M glycine for 10 min per wash to remove free aldehydes.
4.5.
Block for 60 min in 50 µl 10% goat serum, 1% BSA in 1 × TBS.
4.6.
To examine the actin cytoskeleton, add 2.5 µl Alexa-488-conjugated phalloidin to the blocking solution.
4.7. Wash 1-2 times with 1% BSA in 1 × TBS for 5 min.
4.8.
Transfer to a MatTek glass bottom dish.
4.9.
Mount (e.g. Prolong Diamond with DAPI) and seal with a glass coverslip. 
POL Scientific
4.11.
To quantify macrophage infiltration into the spheroid, determine the area of infiltrating macrophages by thresholding the Cell Tracker Red signal in IMAGEJ software, and express as a ratio of total spheroid area. Correct for BMM number infiltration (%) by loading controls of BMM (6-well dish, not stained), using the IMAGEJ cell counter plugin.
TIPS:
Use at least three mammospheres per condition for analysis of infiltration.
NOTES: (i) Fixed mammospheres may be stored at 4°C for up to 7 d. (ii) Mount cultures no more than 1 d before imaging to prevent accumulation of bubbles in the mounting medium.
3D invasion assay of BMM-infiltrated GFP-Py8119 mammospheres
5.1.
Wash BMM-infiltrated mammospheres in PBS and leave on ice while preparing Matrigel coated plate.
5.2.
Place 24-well glass bottom plate on ice and coat each well with 50 µl of Matrigel (> 8 mg/ml).
5.3.
Transfer plate to incubator and allow the Matrigel to polymerise for 10-15 min.
5.4.
Remove the PBS from the mammospheres and gently resuspend in 100 µl of Matrigel and transfer immediately to Matrigel-coated plate.
5.5.
Return the plate to 37°C for 15 min to polymerise Matrigel, then add 1 ml BMM medium to each well.
5.6.
Maintain embedded mammospheres at 37°C, 5% CO 2 for 7 d before quantification of cell invasion into the Matrigel.
5.7.
Obtain brightfield images (e.g., Nikon Eclipse TS-100 microscope) and then using IMAGEJ, calculate the maximal distance covered by invasive cells by measuring the difference in mammosphere area between d 0 and d 7.
5.8.
Live cell imaging can be carried out in a humidified Tokai Hit stage top incubator (37°C, 5% CO 2 ) for prolonged periods of up to 3 d. This allows direct observation of motile BMM as they dig tunnels through the matrix and interact with tumor cells to encourage their motility (Fig. S1) .
5.9.
For FACS analysis of invading cells, carefully remove media and replace with 1 ml cell recovery solution for 90 min at 4°C.
5.10.
Once Matrigel has liquefied, remove only the remaining spheroid mass with a P200 pipette, ensuring no extra solution is removed.
5.11.
Collect cell recovery solution (minus non-invading spheroid) in microfuge tubes and centrifuge at 4,000 rpm for 5 min at 4°C to separate the cells from the Matrigel.
5.12.
Carefully remove the supernatant and wash the pellet once with FACS buffer and centrifuge to remove any remaining Matrigel.
5.13.
Resuspend the pellet in 50 µl Hoechst 33342 (5 µg/ml in FACS buffer) and stain for 30 min at 37°C, protected from light.
5.14.
Wash cells by adding 1 ml FACS buffer and centrifuge at 400 g for 5 min.
5.15.
Resuspend cells in 300 µl FACS buffer and analyse by flow cytometry. Our procedure is outlined below and shown in Figure S2: 5.15.1. Multicolor flow cytometry was performed on a BD Fortessa LSR SOPR. Cytometry set up and tracking beads (Cell Signaling Technology) was performed prior to acquisition after which the entire sample (at least 30,000 cells) was acquired under low sample speed.
5.15.2.
Compensation was performed as needed.
5.15.3.
Data analysis was performed using FlowJo with gating strategies as outlined (Fig. S2) .
CAUTION: (i) As Matrigel liquefies at 4°C and solidifies at 37°C, it should be thawed on ice for at least 6 h before use.
(ii) Pre-cool the 24-well glass bottom dish and P200/1000 pipette tips in the freezer to ensure even spreading of Matrigel. (iii) Ensure the entire surface of the glass bottom dish is covered with Matrigel and that no bubbles are generated.
TIPS:
Although it is harder to ensure complete coverage of the plate using 50 µl Matrigel, this smaller volume improves confocal imaging quality. 
NOTES: (i) Matrigel de-polymerizes after 7 d. (ii) CellTracker
ANTICIPATED RESULTS
To optimize Py8119 cell density for the generation of mammospheres, we prepared ultra-low attachment 6-well culture plates with 1 × 10 4 , 2.5 × 10 4 or 5 × 10 4 cells/well and observed the formation of aggregates for up to 30 d. We determined that 2.5 × 10 4 cells was the most appropriate number to yield spherical mammospheres of approximately 500 µm diameter by 20 d of culture (Fig. 2) . A higher density of cells produced irregular spheroids while a lower density of cells produced much smaller spheroids that were harder to handle and more likely to be lost during handling (data not shown). Previously, mathematical analysis has shown that solid acini above 500 µm in diameter display nutrient-starved and necrotic cells within a hypoxic core [3] and therefore our Py8119 mammospheres mimic the in vivo microenvironment of tumor growth.
As mentioned previously, co-culture of tumor spheroids and macrophages permits separate examination of infiltration of macrophages into mammospheres and subsequent co-migration and invasion of tumor cells and macrophages into the surrounding matrix. First, we investigated the ability of mouse bone marrow-derived macrophages (BMM) to infiltrate into the mammospheres. After 3 d, most CellTracker Red labeled BMM are found within the outer several layers of tumor cells, however occasional BMM can be found deeper within the solid Py8119 spheroid (Fig. 3) .
We next examined the ability of infiltrated BMM to promote tumor cell invasion into the surrounding matrix. Importantly, Py8119 spheroids, when embedded into Matrigel in the absence of co-cultured BMM, fail to become invasive (Fig. 4A) . If BMM are allowed to infiltrate the spheroids prior to embedding in Matrigel, invasive activity of Py8119 cells is activated and they can be seen to co-migrate with BMM away from the spheroids and into the Matrigel (Fig. 4A) . Rapid quantification of the degree of invasion can be carried out by subtracting the starting diameter of the spheroid from the final diameter of the invasive area after the cells have dispersed widely into the matrix (Fig. 4B) . Higher power phase contrast imaging suggests that the linear streams of cells leaving the mammosphere consists of both BMM and tumor cells (Fig.  4C) , and this was examined further using flow cytometry. After removal of the spheroid, flow cytometry of the depolymerized Matrigel was carried out to more closely examine the number of invasive tumor cells and BMM. The presence of BMM vastly increased the rate of invasion with a ratio of invasive tumor cells:invasive BMM of ~2:1 (Fig. 4D) . Live imaging of invasion soon after embedding revealed the formation of tunnels dug by BMM through the Matrigel. The BMM could be seen shuttling backwards and forwards in these tunnels (Fig. S1, Movie S1 ). Live imaging of Matrigel invasion by CellTracker Red-labeled BMM-infiltrated GFP-Py8119 mammospheres confirmed that invasive tumor cells were always accompanied by an associated macrophage (data not shown). Therefore, any single cells are macrophages. In contrast, large numbers of EGFP + tumor cells were seen invading the Matrigel from BMM-infiltrated mammospheres (second peak). To test our hypothesis that BMM motility regulates tumor cell invasion, we compared the effects of an inhibitor of PI3K p110δ, GS-1101, that blocks macrophage motility [14] with a CSF-1R inhibitor, GW2580, in our mammosphere co-culture model. Consistent with our hypothesis, BMM-infiltrated mammospheres embedded in Matrigel in the presence of either GS-1101 or GW2580 failed to invade the surrounding matrix (Fig. 5) . Since PI3K p110δ is a critical mediator of CSF-1-induced macrophage motility, signaling downstream of the CSF-1R is therefore integral to the promotion of tumor cell invasion by BMM. Importantly, although GW2580 blocks all CSF-1R signaling, this treatment did not deplete infiltrating macrophages from the mammosphere co-cultures (data not shown). Furthermore, as PI3K p110 is only expressed in hematopoietic cells such as macrophages, and not tumor cells, GS-1101 specifically targets macrophages in this context [14] .
In summary, this robust co-culture system can be used to analyze BMM promotion of tumor cell invasion and screening for druggable targets. It is a useful tool to further dissect the mechanisms of promotion of tumor metastasis by macrophages. 
TROUBLESHOOTING
Tips for troubleshooting can be found in Table 1 . 
